Long-lived jmj ¼ 1 positronium (Ps) atoms are produced in vacuum when high density bursts of positrons with net polarization p 0 are implanted into a porous silica film in a 2.3 T magnetic field. We observe a decrease in the jmj ¼ 1 population as the density of the incident positron beam is increased due to quenching interactions between oppositely polarized Ps atoms within the target. Saturation of this density dependent quenching indicates that the initial positron spin polarization p 0 ¼ 28 AE 1%, and demonstrates the long term (10 2 s) survival of positron polarization in a Surko-type buffer gas trap. We conclude that, at high Ps densities, the minority spin component is essentially eliminated and the remaining Ps is almost entirely ($96%) polarized, as required for the formation of a Ps Bose-Einstein condensate.
As a result of parity nonconservation in the weak interactions [1] , AE particles emitted with velocity v from a radioactive nucleus have helicity h ¼ AEv=c [2] . This gift of nature means that slow positron beams derived from radioactive sources [3] are always spin polarized to some extent, because the asymmetry of the source and moderator combination turns the helicity into a nonzero net positron polarization with spins parallel to the average positron velocity along the beam axis [4] . The beam polarization is defined as p ðN " À N # Þ=ðN " þ N # Þ, where N "ð#Þ is the number of positrons with spin parallel (antiparallel) to the beam axis. Backscattering in the source, absorption in the source material, and depolarization in slowing down will all affect the actual beam polarization, but typically one would expect p % 0:5h ¼ 35% for a beam derived from a 22 Na source [5] . We note that using a MgO moderator and a 58 Co source (that has virtually the same helicity as 22 Na) a beam polarization of around 22% was observed [4] .
Spin-polarized positron sources and beams have been used for 50 yr to measure electron spin momentum distributions in ferromagnets [6] , observe surface magnetism [7] , search for the origin of optical activity in biological molecules [8] , and study fundamental interactions [9, 10] . With the advent of high density positron pulse techniques, the possibility of producing a Bose-Einstein condensate (BEC) of spin-polarized Ps atoms [11] has made it imperative to demonstrate some means of forming a fully spinpolarized collection of Ps. Here we present experimental proof that efficient preferential destruction of the minority spin atoms can occur in a high density collection of Ps, leaving us with a fully spin-polarized Ps gas. A concomitant beneficial result is that we have found a new way to measure the polarization of a high density positron pulse.
Our experiment examines Ps atoms interacting with each other in porous silica films [12] . Ps formed in the bulk material is emitted into the pores, and then hops amongst the interconnected voids, annihilating at a rate that typically depends on their size [13] and nature [14] . If the pores communicate with the sample surface the Ps may diffuse out of the film entirely, eventually annihilating in vacuum. If the electrons and positrons from which the Ps is formed are unpolarized, then the four lowest energy levels, a singlet and three triplet states, will each be created with equal likelihood. If some degree of polarization does exist then there will be a corresponding excess of (say) m ¼ 1 states, where m refers to the projection of the spin quantum number along the beam axis. When oppositely polarized Ps atoms interact with each other they may engage in a variety of scattering processes [15] . The interactions apropos to this work are
Here E hfs is the hyperfine energy difference between the jmj ¼ 1 and m ¼ 0 states in the magnetic field [16] and E B ¼ 0:435 eV is the Ps 2 binding energy [17] . Any of these quenching processes will convert two long-lived (142 ns) triplet atoms into states that are quickly removed from the system, since Ps 2 has a lifetime of $0:25 ns, and both the singlet and triplet m ¼ 0 states have lifetimes of <1:4 ns in the 2.3 T field of our target region. The reason for the latter is that in a strong magnetic field these states are mixed and, due to its short intrinsic lifetime (125 ps), even a small admixture of the singlet state results in a dramatically reduced triplet lifetime. This process, known as magnetic quenching, is illustrated in Fig. 1 , which shows the delayed fraction f d as a function of the axial magnetic field at the target. The parameter f d is obtained from single shot lifetime spectra [18] recorded using a PbWO 4 scintillator coupled to a fast photomultiplier tube [19] and is defined as the fraction of such spectra in the interval 50-300 ns [20] ; the amount of long-lived positronium produced is approximately proportional to f d [12] .
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The experiments were carried out using a positron accumulation system described elsewhere [21] . Positrons emitted from a 22 Na source and neon moderator are captured in a two stage Surko trap [22] and then transferred to a UHV accumulator, where a non-neutral plasma [23] is formed. These are compressed using the rotating wall (RW) technique [24] in the strong drive regime [25, 26] , which allows for precise control of the plasma density via the RW drive frequency, f RW . SF 6 cooling gas is used in the accumulator at a pressure of 1 Â 10 À7 Torr. Positrons are accumulated for a few hundred seconds and compressed via the RW drive before the beam is implanted into the target with an approximately Gaussian areal distribution, with central density n 2D ¼ Nf RW ð4" 0 =eÞB T L p , where L P ¼ 5 cm is the plasma length and B T is the magnetic field at the target.
Positrons in the accumulator, where the axial magnetic field is 0.07 T, are compressed to central areal densities up to 4 Â 10 9 cm À2 , which increases to more than 1 Â 10 11 cm À2 in the 2.3 T magnetic field at the target. The positron pulses are compressed to $1 ns (FWHM) using an electrostatic buncher and may be accelerated into the target material with mean impact energies K ranging from 2 to 8 keV. The positrons stop in the target with a mean implantation depth " z related to the positron implantation energy by "
, where K is in keV, % 1:7, A is a sample dependent constant (2:8 g=cm 2 ) [28] , and is the average target material density (1:35 g=cm 3 ). The mean time Ps spends in the sample before it is able to diffuse out to the vacuum depends on the implantation depth and in the present case (K ¼ 6:2 keV) is around $0:5 À1 ¼ 25 ns, where À1 % 50 ns is the Ps lifetime in the pores when no Ps escapes [20] .
The Ps formation target used in this work was an uncapped 600 nm thick porous ($50%) silica film deposited on a Si wafer substrate. The pores were considered to be randomly aligned, (insofar as they yielded no x-ray diffraction patterns) and had a diameter of $2:7 nm. Ps formation and cooling in exactly similar films is described in detail in [20] . Figure 2 shows the delayed fraction and the positron beam density measured for different RW drive frequencies with K ¼ 6:2 keV. The loss of compression at some frequencies (most prominently at $9 MHz) is due to zero frequency modes (ZFMs) that cause plasma heating (see [25, 26] for details). The reduction in the delayed fraction with increasing density is initially approximately linear, as has been previously observed [12] , but then begins to saturate to a nonzero limiting value; we attribute this to the production of an almost polarized Ps ensemble, as we shall now explain.
Since the electrons in the target material are unpolarized, the initial polarization of Ps atoms is expected to be the same as that of the positrons. This means that a few nanoseconds after the beam is implanted, when the m ¼ 0 atoms have mostly decayed, we will be left with unequal numbers n "ð#Þ of Ps atoms with m ¼ AE1. The decay rates of these two populations are given by the sum of the low density decay rate for jmj ¼ 1 Ps atoms in the pores plus a nonlinear decay rate due to Ps-Ps collisions, which could lead to either of the channels of Eq. (1). The rate of nonlinear decay is proportional to the density of oppositely polarized jmj ¼ 1 Ps atoms, leading to the rate equations for the two populations:
Here is an effective interaction volume, confined within which two oppositely polarized Ps atoms would quench [see Eq. (1)] at a rate equal to . Defining two amplitudes a "ð#Þ ¼ ðn "ð#Þ =n 0 Þ expftg, with n 0 ¼ n " ð0Þ þ n # ð0Þ, allows us to rewrite Eq. (2) as
Note that these amplitudes would maintain their initial values a FIG. 1. The delayed fraction measured at low beam density and impact energy for different target magnetic fields, B T . The magnetic quenching curve was fitted to the standard theory [16] assuming zero polarization and a vacuum decay rate of 130 ns À1 .
173401-2 any changes in the amplitudes will be equal and opposite (i.e., Áa " ¼ ÀÁa # ). Therefore, if we achieve a limit in which the minority spin atoms have decayed to zero by destroying an equal number of majority spin atoms, we will have for the remaining population a " ¼ a
The decay rate of Ps in the sample is given by Eq. (2). After an average time " t, the Ps will have diffused out of the sample into the vacuum, where it will annihilate at a rate 0 that is slightly less than the vacuum decay rate because of wall collisions. At a time t 1 ¼ 50 ns > " t that marks the beginning of our delayed fraction interval (t 1 ; t 2 ), the number of jmj ¼ 1 Ps atoms in vacuum will be nð; " tÞ Â expfÀ 0 ðt 1 À " tÞg, yielding a delayed fraction equal to a constant times the density at time t 1 % 50 ns,
Normalizing our measured delayed fractions to the low density limit defines an empirical quenching parameter
, which we see is theoretically identical to the sum of the two amplitudes a ¼ a " þ a # :
The latter obeys the equation
which has the solution
tg. The limiting values of the quenching parameter are thus Qð0Þ ¼ 1 (by definition) and Qð1Þ ¼ p 0 . Figure 3 shows the normalized delayed fraction data Q and a fit to the measurements using Eq. (7), from which we obtain an initial beam polarization p 0 ¼ [29] . The latter implies that is of the order of 10 À14 cm 3 . The silica film used in this work [30] is not thought to support a Ps surface state [31] and, due to the random pore distribution, is also expected to suppress interactions in which oppositely polarized triplet atoms scatter into m ¼ 0 states [32] , implying that the observed effect is probably due to the formation of molecular positronium [33] from free particle cavity Ps states. This process, which would usually be suppressed due to momentum conservation, is possible by virtue of the significant overlap of the wave function of thermalized Ps with the walls of the $2:7 nm diameter pores [20] . It is possible that there might be an unexpected Ps surface state (with a high activation energy), or that there may be enough short-range order in the pore structure to allow for scattering into singlet states without the film producing an x-ray diffraction pattern. Thus, we cannot definitively say which process of Eq. (1) we have observed, but the saturation of the quenching effect will occur with the same dependence on the positron polarization in either case. The surprisingly large value obtained for the effective interaction volume (equivalent to around 10 6 pores) could indicate that some unknown property of the film structure leads to an enhanced rate of quenching, such as the existence of large pores where Ps atoms accumulate.
The measured value of p 0 is close to what we would expect for the primary positron beam, which indicates that the capture and storage of positrons in a buffer gas trap does not lead to any significant depolarization, despite storage in a magnetic field for some 10 12 cyclotron orbits. Although we would not expect the electromagnetic fields of a perfectly aligned Penning trap to depolarize positrons contained therein, there are mechanisms associated with inhomogeneous fields (as might be generated by trap imperfections), plasma waves, or collisions with gas molecules that could [34] . It is therefore valuable to experimentally demonstrate that the initial positron spin states are essentially maintained in Surko-type accumulators. In future work it would be useful to measure p 0 for the incident dc beam and the trapped beam separately, so as to accurately determine the extent of any trap induced depolarization that might occur.
The production of spin-polarized Ps is critical for any experimental attempt to create a Ps BEC [11] since, at the high densities required for a phase transition to occur at achievable temperatures, an unpolarized collection of Ps would undergo total spin conversion and be quickly removed from the system. The present methodology results in a Ps density thought to be at least 2 orders of magnitude too low to achieve Bose-Einstein condensation of Ps [33] . A number of experimental improvements, including increasing the primary beam polarization, remoderating the beam [11] , using multiple coaxial positron traps, target structures that enhance the collection of Ps into single large cavities, and Ps laser cooling [35] , may change this. However, no such improvements to the experimental methods would be useful were it not the case that the initial positron polarization is preserved in the accumulation process, and the production of a spin-polarized Ps gas therefore represents an important development towards producing a Ps BEC.
To summarize, we have observed the saturation of density dependent quenching due to Ps-Ps interactions. We attribute this to the removal of the minority spin component, resulting in a fully polarized Ps ensemble, as required for the production of a Ps BEC. Our data show conclusively that there is no significant loss of polarization when positrons are accumulated in a Surko trap, which had not previously been demonstrated. Although we cannot definitively identify the quenching mechanism, the known properties of the sample point towards the formation of molecular positronium, which could mean that this methodology will be suitable for laser spectroscopy of excited molecular Ps states [17] .
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